Abstract-In this paper, a novel matching circuit design method utilizing a genetic algorithm (GA) and the measured S-parameters of randomly moved coil configurations is discussed. Through the detailed comparison of different matching circuit topologies, the superiority of active matching circuits is clearly demonstrated, and potentially there is 21.4% improvement in the wireless power transfer efficiency by using a four-cell active matching circuit, which can create 16 different impedance values. Also, the matching circuit design simulation can be further simplified by choosing a much smaller subset of representative impedance values for the utilized time-changing coil configuration through the employment of k-means clustering and use only these values for the derivation of the optimal matching circuit. This heuristic approach could drastically reduce the time for the matching circuit design simulation, especially for matching circuit topologies with a larger number of cells.
I. INTRODUCTION
O VER the last decades, wireless power transfer (WPT) technology has attracted a lot of attention from industry and research communities in order to realize highly demanded truly cableless power supply systems. One of the most important applications of this technology is in the medical field, especially for wearable/implantable devices [1] . Also, recently, the demand of wireless charging systems for moving objects, such as electric vehicles [2] and unmanned aerial vehicles (UAVs) [3] , has been significantly increased because of the typical short lives of the batteries utilized. There have been several reported types of WPT systems relying on different operation principles. Among them, resonant coupling, especially the magnetic resonant coupling method, utilizing resonating coils, is one of the strongest candidates because of its relatively large maximum operation distance up to a few meters and high maximum power transfer efficiency [4] . This maximum operation range should be long enough to compensate the positioning accuracy next to the charger. However, due to the fundamental operation principle of this method, the WPT efficiency significantly degrades for timevarying transmitter (Tx) and receiver (Rx) coil separation distances, especially the coils are too close with each other. This could be a critical issue for WPT for moving objects such as human bodies and UAVs. In literature, it has been reported that this problem can be solved by utilizing an active matching system even under misaligned conditions in addition to the coil separation distance changes [5] , [6] .
In previously reported work [6] , the main goal was to design an active matching circuit which can be used for different types of coils. To achieve this goal, we tried to design a matching circuit which has an evenly distributing impedance of matching circuit around, where coil-coupling is high and therefore WPT efficiency is potentially high. However, with this design goal, the active matching circuit ended up using 6 cells whose nonideal lumped components caused inevitable losses and discrepancies between modeled and effective impedance values. Also, the matching circuit combination selection time, while operating the active matching system utilizing brute force selecting, is relatively long. However, in more realistic situations, the impedance of the Tx-Rx coil network continuously changes because of the coils movements, and the reconfigurability speed of the utilized matching network needs to be drastically improved. In the previous conference paper, a novel matching circuit design method utilizing the combination of a genetic algorithm (GA) with clustering, which can maximize the performance of both fixed-value passive matching circuits or active matching circuits that are composed of a combination of inductors, capacitors, and p-i-n diodes, was analytically discussed. This method was based on the measured coil configuration S-parameters under real-time moving conditions, which displayed tendencies/unven space distribution in the coil impedance values. This was used to minimize the number of cells in the active matching circuit, which eventually reduced the brute force matching circuit selection process while the system was operating [7] . As depicted in Fig. 1 , the designed matching circuits are connected between the signal source and the Tx coil. In this paper, the matching circuit design accuracy has been further enhanced by introducing the measured S-parameters of the utilized lumped components, and the performance of the designed matching circuit is validated through the comparison between the simulations and the experiments. Also, this paper discusses the bias circuit design for the active matching circuit to minimize the discrepancy in impedance value while RF input power is high.
II. CHARACTERIZATION OF TX-RX COIL IMPEDANCE UNDER MOVING CONDITION
In order to characterize the effect of the movements of the Tx-Rx coils on the coil input impedance for a proofof-concept topology, the S-parameters of the Tx-Rx topology were periodically measured using a vector network analyzer (VNA), ZVA8 from Rohde & Schwarz, which was controlled by using LabVIEW. Without loss of generality, 10-cm-diameter open helical coils with the resonance frequency of 13.6 MHz were used as both Tx and Rx coils. The S-parameters of the time-changing Tx-Rx topologies were measured 100 times with the time interval of 250 ms by randomly changing the distance and the elevation without rotating the coil within the coils for center-to-center coil distances in the range of about 10-20 cm. The coil orientation change associated with the rotation of the coils typically changes the mutual inductance between two coils. Therefore, similar change in impedance value while changing the separation distance may happen because of the coil rotation. However, rotating the coil adds more complexity in measurement and it was difficult to rotate the coil without the effects of a mechanical coil holder to the electrical property of the coils. Thus, this research did not consider the rotation of the coil. During the measurements, the coils were placed on sponges, avoiding their interaction with hands, and manually moved. The same experiment was repeated four times, and the measured Tx-Rx coil topology input impedance (Z c ) values for all trial measurements are shown in Fig. 2 . As it can be easily observed, Z c varies in a quite wide range, but there is a clear tendency/space concentration in the distribution of the coil impedance values. In Fig. 3 , the distribution of power transfer efficiency, |S 21 |×100 (%), of the above described 400 (4×100) measurements along with their arithmetic mean are depicted. The average power transfer efficiency without any matching circuit is about 60.8 % [7] .
III. MATCHING CIRCUIT DESIGN USING GA GAs are heuristic searching methods, which can be applied to many engineering problems. This approach is especially suitable to solve the problems that could require a variety of discrete values as potential solutions. For the easy and quick implementation of the GA, MATLAB Global Optimization Toolbox was utilized. For this research, first, the fixed-value passive matching circuit topology is discussed and evaluated in terms of the optimization of the power transfer efficiency to moving coils. Next, the GA-based matching circuit design process is extended to active matching circuit designs.
In general, a cascaded two-port network/topology can be modeled through the multiplication of the respective stage transmission (ABCD) matrices. The ABCD matrix of each trial measurement (sample) can be obtained from the measured S-parameters of the corresponding Tx-Rx coil network by converting the S-matrix to the ABCD matrix. Once the ABCD matrix of the matching circuit is determined by choosing the values of its lumped components, the S-matrix of the cascade of the matching circuit and the Tx-Rx coils topology can be computed from the total transmission matrix [8] . Assuming that there are M samples of S-parameters for the timechanging coil configurations, the probability of choosing the i th sample (P i ) is 1/M. In the presented approach, the power transfer efficiency (η) is defined as the expected value of |S 21 | for the composite matching+coil configuration, as described in (1) . For active matching circuits that feature more than (1), and the matching circuit component values, which can minimize the value of F have to be identified and selected
A. Fixed-Value Passive Matching Circuit
In order to determine the optimal fixed-value passive matching circuit topology, two Pi matching circuits, one featuring a series inductor with two parallel capacitors (Ser L), and another one featuring a series capacitor with two parallel inductors (Ser C) are defined. The two Pi matching circuits are depicted in Fig. 4 . For the sake of practicality, for both inductors and capacitors, 29 consecutive commonly used circuit values (10-2000 nH for inductor and 10-2000 pF for capacitor), which cover a lumped element value range of more than 100:1 for the operation frequency of 13.6 MHz were considered. The range of lumped component values were chosen after less than ten times of iterations of GA simulations, confirming the values out of this range have never been used. Lumped component values below this range do not make sufficient change in impedance value, and the values above potentially cause too much change in impedance value as a single step. Also, the parallel components are allowed to be placed in an "open circuit" position, which can virtually lead to L-type matching circuits. The "ideal" circuit component values that minimize the fitness function for each fixed-value Pi-matching circuit topology are shown in Table I .
B. Active Matching Circuit
For proof-of-concept demonstration purposes, in this paper, a discrete value impedance matching circuit including p-i-n diode switches is adopted because of its fast switching speed, miniaturized size, and robustness [8] . The matching circuit topology is based on the N-stage cascading of a unit cell consisting of an L-type unit cell comprising of a series inductor, a shunt capacitor, and a switch as shown in Fig. 5 . Without loss of generality and to facilitate the fabrication, the additional dc blocking capacitors have not been included in the preliminary design process discussed in this section. Their concurrent optimization will be described in Section VI. The utilized N stages can create 2 N different impedance values. For both inductors and capacitors, 29 consecutive component values were used, which are the same as those in the case of the fixed-value passive matching circuits. In this case, the inductance values are allowed to be 0 ("short circuit"). The circuit component values, which minimize the fitness function for 1 (1C)-4 (4C) utilized stages/cells are shown in Table II . In Table III , the figure of merit (power transfer efficiency) for each optimized matching circuit topology is summarized. The improvement is obvious in the significant difference of the power transfer efficiency value compared with the case of no matching circuit (No MC). The "error" represents the number of data points where the power efficiency is lower than that for the case of no matching circuit within the 100 samples in Trial1. As Table III clearly displays, the active matching circuit is much more efficient in improving the power transfer efficiency compared with the passive fixedvalue matching circuit. As the number of the stages/cells increases, the efficiency increases while simultaneously reducing the "error" rate. From this simulation, it can be deduced that three cells or four cells are sufficient to optimally improve the power transfer efficiency as the improvement saturates for larger number of stages, where an efficiency of 78.3-82.9% is achieved. As a comparison, the power transfer efficiency using the previously designed six cell active matching circuit is 72.2 % [6] . This implies that a higher power transfer efficiency can be achieved even with a significantly smaller number of cells compared with previously reported matching circuits. Although, the matching circuits reported in the previous papers were designed to improve the power transfer efficiency of different generic types of coils, the matching circuits introduced in this paper can be easily customized and optimized for specific coil configurations. This design approach difference is one of the main causes for enhanced power transfer efficiency. In order to confirm whether the designed matching circuits that are based on the measured data (100 measurements) of Trial1 can also work for other sets of sampled data, the power transfer efficiencies for each trial is computed and summarized in Table IV . It can be easily observed that there is no significant performance degradation of the data for different trials.
IV. k-MEANS CLUSTERING
Since there is a clear trend in the distribution of coil impedance values over the Smith chart, it is possible to drastically reduce the time for GA simulation by selecting only representative impedance values as targets instead of using all sampled/measured data. Also, the fitness function calculation, which includes numerous S-to-ABCD matrix conversions, is not very computationally efficient. In order to choose a much smaller but almost equally efficient subset of coil configuration impedance values, we employed the k-means clustering method, which is commonly used for the data mining from big data, utilizing MATLAB. In the k-means clustering method, the program selects an arbitrary positive integer (K ) of clusters, which are the subsets of data points by minimizing the function C expressed in (2). In (2), d(x, g i ) is the distance between each data point (x) in i th cluster (S i ), and the centroid of i th cluster (g i ). At the beginning of the data mining, we have automatically generated 100 replicates as starting points of the clustering in order to increase the accuracy of the clustering [9] , [10] . In this case, replicates are 100 complex numbers whose upper and lower boundary values are determined from the measured coil configuration impedance values (Z c ) in Trial 1. The values of replicates are automatically selected minimizing the sum of distances between each replicate in the complex plane. For the proof-ofconcept demonstration of the implementation of the clustering data mining method, 4, 8, and 16 representative coil topology 
Since the power transfer to the load can be maximized when the input impedance of the matching circuit looking from port 2 (Z 22 ) in Fig. 1 is the complex conjugate of the Tx-Rx coil topology impedance input (Z C ), the sum of the reflection coefficient between the i th clustered (coil topology) impedance value and Z 22 is introduced as a new fitness function (G) as described in (3). In (3), Z * Ci is the complex conjugate of the imaginary part of Z C , and | | i is the reflection coefficient for the i th sample. Since active matching circuits have more than two potential matching circuit configurations, the minimum reflection coefficient among all potential matching circuit states (| | i ) was chosen
In Table V , the power transfer efficiency values for the matching circuit topologies optimized using only the clustered data (4, 8, and 16 points) as the target impedances in the GA simulation is summarized. From Table V , it can be easily concluded that there are some cases that the clustered data do not work as proper targets, especially for the series inductor Pi matching circuit case, and degrade the performance of matching as the cluster size decreases. However, in most cases (series C passive and one-to four-stage active matching circuits), the clustering of impedance values does not have a significant effect on the matching circuit design performance.
V. MATCHING CIRCUIT DESIGN USING NONIDEAL LUMPED COMPONENT MODELS
In order to further increase the accuracy of the matching circuit design using genetic optimization algorithms, the measured S-parameters data for each nonideal utilized lumped element provided by the vendors are introduced in MATLAB simulations. Each matching circuit component was replaced by its two-port S-parameters model, and the impedance of the entire matching circuit network was represented as a cascade of ABCD matrices derived from the S-parameters. For a proofof-concept simulation, the utilized series inductor and parallel capacitor in the L-shape matching unit cells of Fig. 5 are Coilcraft 0603CS and 0603HL, and Taiyo Yuden UMK105CG series, respectively. For this simulation, 55 inductor values (1.6-1800 nH) and 29 capacitor values (12-1000 pF) in the design kits were used. The circuit component values, which are used for the final design of every matching circuit topology are summarized in Tables VI and VII. There are  slight changes in the optimized component values compared  with Tables II and III due to the parastics of the nonideal lumped components compared with the original capacitance and inductance values in the ideal matching circuits. The performance of the matching circuits using nonideal lumped component models is discussed in Section VII.
VI. DC BIAS CIRCUIT DESIGN
In previously reported results, it has been confirmed that the RF isolation of dc bias circuits in the active matching configurations has not been good enough and has typically led to slight shifts in the impedance values of the matching circuits as to an increased dissipative loss. Therefore, the dc bias circuits of the p-i-n diode switches, which are typically composed of a series inductor (L b ), a parallel capacitor (C b ) and a current limiting resistance (R b ), as depicted in Fig. 7 , are also optimized in our proposed approach by changing the values of the lumped components to reduce the undesired impedance value shift and dissipative loss. The S 11 and S 21 of both the original (initial design before optimization) and the optimized bias circuits are depicted in Fig. 8(a) and (b) , respectively assuming that the port1 is T 1 and the port2 is T 2 in Fig. 7 and both are connected to 50 [11] . From Fig. 8(a) , it can be easily observed that the return loss of the original bias circuit is not as high as for the optimized circuit, thus being one of the main causes of undesired impedance value shifts. For the new design, a 100 μH inductor, DLW43SH101 from Murata, which provides the highest series inductance satisfying the self-resonant frequency above 13.6 MHz, was used.
Due to the main operation principle of previously reported real-time matching systems, the switching speed must be faster than the reading of analog to digital converter (ADC) virtually controlling the switching status [6] . In the presented proof-ofconcept prototype, an Arduino Uno micro-controller unit was used for the control of the p-i-n diode switches of the active matching circuit stages. From its datasheet, the sampling speed of Arduino is 9.6 ks/s, which implies that the response time of the diode switch must be below 100 μs. The value of C b was chosen to be the highest capacitance value that satisfies the limitation of 100 μs LC response time for further RF isolation as can be seen in Fig. 8(a) and (b) . In Fig. 8(c) , the transient of the diode anode voltage (V a ) is depicted. The response time can be improved by removing C b without a significant effect on RF isolation, and this can be an option when a microcontroller chip which features the capability of faster ADS reading, for example MSP432 (200 ks/s), is used.
From the datasheet, Arduino module has a rated output current of 20 mA with 5 V output voltage, and the value for R b needs to be adjusted to satisfy this condition. The simulation results of the bias current (I b ) for an input power level of 30 dBm and bias voltage is 5 V is shown in Fig. 8(d) , and it turns out that the resistance in the original design is too high and the resulting current is unstable. R b can be further lowered to 200 for further stabilization. The original and 
VII. MEASUREMENT RESULTS AND DISCUSSION

A. Active Matching Circuit Operation Tests
Based on the optimized active matching circuit design using GA on MATLAB, the prototype of an 1-cell active matching circuit was fabricated as shown in Fig. 9 . The series inductor and the parallel capacitor in the L-matching unit cell network, shown in Fig. 7 , are Coilcraft 0603HL and Taiyo Yuden UMK105CG series, respectively. Also, the p-i-n diode is Skyworks SMP1340.
The two-port S-parameters of the 1-cell matching circuit at "ON" and "OFF" states were measured using the VNA for an input power level of 0 dBm at 13.6 MHz and the S 11 measured values for both states are plotted in Fig. 10 . The bias voltage at "ON" condition is 5 V from Arduino Uno module. For comparison purposes, ADS simulation results for the same matching circuit topology with ideal components ("Ideal") and nonideal components utilizing their respective S-parameters ("S-parameter") are also depicted in the Fig. 9 . Prototype of an one-cell active matching circuit. Fig. 10 .
Measured and simulated input impedances of one-cell active matching circuit at ON and OFF conditions. same figure. As it can be easily observed from Fig. 10 , there are slight differences between the simulation results with ideal components and the measurement results. The simulation results using the nonideal components' S-parameters and the nonideal diode model are closer to the measurement results, which implies that GA matching design process can be improved by integrating S-parameters of each lumped component instead of using ideal values.
The S 11 values of the matching circuit at "ON" and "OFF" states were also measured for different input power levels. The output power from the VNA was calibrated using the power sensor, NRP-Z211 from Rohde & Schwarz, at 15 dBm which is the maximum output power from the VNA at 13.6 MHz. The measurement results for the input power levels of 15, 0, and −10 dBm are depicted in Fig. 11(a) and (b) . It can be easily recognized from Fig. 11(a) and (b) that there are slight differences in the input impedance values in the case of the input power level of 15 dBm compared with the other input power levels, but these differences are very small and can be omitted throughout the whole input power level range; this difference can increase for higher power levels (that are closer to the rated power of 250 mW for the SMP1340 p-i-n diode). For more practical applications, such as the charging of electric vehicle and UAVs, which require a power handling capability that is typically more than 250 mW, p-i-n diodes or other switching elements such as mechanical arrays, which have higher rated power, should be used. Even if different switching elements are used, the proposed matching circuit design method can be Fig. 11 . Measured input impedance of the one-cell active matching circuit for different input power levels at (a) "ON" and (b) "OFF" switch conditions. Fig. 12 .
Measured input impedance of (a) L-and (b) C-series passive (c) one-cell, (d) two-cell, (e) three-cell, and (f) four-cell matching circuit.
applied as long as the characteristics of the switching elements are close enough to that of an ideal switch. 
B. Passive and Active Matching Circuits Performance Comparison
In addition to the 1-cell active matching circuit, five other matching circuit topologies were also fabricated based on the simulation results shown in Table VI and Table VII . The measured input impedance of each matching circuit at all possible switching conditions are depicted in the Smith charts in Fig. 12 . The bias circuit design is the same for all active matching circuits. At the end, the power transfer efficiency for the six fabricated matching prototypes when connected to the Tx-Rx coil configurations described by the 100 samples of Trial1 was calculated using equation (1). The results for the implementations with ideal lumped circuit models, nonideal lumped component S-parameter models and measured S-parameters are summarized in Table IX . From the table, it can be easily concluded that the measurement results are matching well with the simulation results in the cases of the passive matching circuit, and of the 1-and 2-cell active matching circuits. However, as the number of the stages/cells increases, the improvement of the measured power transfer efficiency saturates faster than the simulations, an effect that can be attributed to the increased dissipative loss associated with the increased number of nonideal lumped components and p-i-n diodes in the circuit.
C. Discussion for Practical Applications
For more practical applications, ideally, it is better to use an active matching circuit which has a very wide variety of impedance values and then downselect the optimal impedance combinations for different coil combinations using a GA or a machine learning process as discussed in [12] . However, typically "off-the-shelf" trimmable capacitor ICs similar to the one used in [7] have a relatively low power handling capability and cannot be used for high power applications. Therefore, the proposed method requires the preliminary measurements of coil impedance to decide the combination of lumped components in the matching circuit which cannot be changed after the fabrication. Thus, one of the practical approaches is to standardize the coil design and make a library of measured impedance values for different coil combinations to avoid the repetitive coil impedance measurements. Also, for the charging of actual moving objects, the adjustment of time interval between each brute force matching circuit combination selection depending on the speed of the moving object to maximize the performance of the active matching may be required. Furthermore, the transition of the coil impedance value while the object is moving is expected to have a tendency depending on the type of movement. Therefore, some active learning process and the real-time prediction of coil impedance value can be introduced in the system to further improve the performance of the matching circuit combination selection process rather than a simple repetitive brute force selection method.
VIII. CONCLUSION
In this paper, a novel matching circuit design method utilizing a combination of a GA with a data clustering approach based on the measured S-parameters of randomly moving coils was introduced. From the analytical comparison of different matching circuit topologies, the superiority of active matching circuits is confirmed, and potentially there is a 21.4 % improvement in the WPT efficiency by using a four-cell active matching circuit. Also, the matching circuit design simulation can be further simplified by choosing only a subset of representative impedance values as targets utilizing k-means clustering. The matching circuit design time can be reduced to less than 20 min from 2-7 h for arbitrary coil shapes and the new fitting function without a significant effect on the matching circuit performance. Various measurements of a 1-cell active matching circuit input impedance have been demonstrated, and it is suggested that it is possible to further improve the accuracy of the matching circuit design by integrating the S-parameters of each "off-the-shelf" lumped component in the matching design process in order to accurately account for nonideal parastics. Finally, the measurement results have shown a very close agreement with the simulations, and the experimental improvement in power transfer efficiency up to 13.7 % was confirmed for active matching circuit prototypes. 
